We devised enzyme-based methods to measure fmol amounts of GDP and GTP and applied these methods to measure absolute amounts of Ras-bound GDP and GTP in NIH 3T3 fibroblasts. We found that parental NIH 3T3 cells contained 509 and 1.3 fmol of Ras-bound GDP and GTP, respectively, per mg of cellular protein and that stable transfectants of NIH 3T3 cells overexpressing wild-type Ha-Ras contained 7008 and 21.3 fmol of Ras-bound GDP and GTP, respectively, per mg of cellular protein; thus, in both cell types <0.3% of Ras was in the active GTP-bound state. In contrast, NIH 3T3 cells overexpressing an activated form of Ha-Ras contained 5013 and 2049 fmol of Ras-bound GDP and GTP, respectively, per mg of protein, yielding 29%o of Ras in the GTP-bound state. Since intracellular Ras is probably all in a guanine-nucleotide bound state, this method allows one to calculate the number of Ras molecules in each cell: parental NIH 3T3 cells and the Ha-Ras overproducing cells contain -20,000 and -275,000 Ras molecules per cell, respectively. We also incubated parental NIH 3T3 cells with 32PO4 and determined the radioactivity in Ras-bound GDP and GTP and the specific activity of cytosolic GDP and GTP; these experiments indicated that Ras-bound GTP may not be in equilibrium with the total cytosolic GTP pool. (11); expression of both ras genes was under control of the murine mammary tumor virus promoter. The rat monoclonal antibody Y13-259, which recognizes Ha-, Ki-, and N-Ras, was from Oncogene Science; goat anti-rat IgG, protein G-agarose, and goat IgG were from Calbiochem. Purified Asnl7-Ha-Ras was generously provided by J. Feramisco. Yeast nucleoside diphosphate kinase (NDP kinase) was from Sigma and firefly luciferase was from Analytical Luminescence Laboratory (San Diego); the NDP kinase was contaminated with nucleotides, which were removed by dialysis. ATP was from Boehringer Mannheim; ADP from several sources, including Sigma, Calbiochem, and Boehringer Mannheim, contained small amounts of ATP, which were removed by HPLC. [y-32P]ATP and 32pO4 of specific activities of "3000 and "9000 Ci/mmol were from New England Nuclear; the [,y-32P]ATP contained small amounts of a contaminate that was removed by TLC using the system described later for separating ATP and GTP.
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MATERIALS
Parental NIH 3T3 cells were obtained from the American Type Culture Collection. NIH 3T3 cells stably transfected with plasmids carrying wild-type Ha-ras [LTR-cHa-ras(N) cells] or activated Ha-ras [LTR-cHa-ras(A) cells] were generously provided by A. Schonthal (11) ; expression of both ras genes was under control of the murine mammary tumor virus promoter. The rat monoclonal antibody Y13-259, which recognizes Ha-, Ki-, and N-Ras, was from Oncogene Science; goat anti-rat IgG, protein G-agarose, and goat IgG were from Calbiochem. Purified Asnl7-Ha-Ras was generously provided by J. Feramisco. Yeast nucleoside diphosphate kinase (NDP kinase) was from Sigma and firefly luciferase was from Analytical Luminescence Laboratory (San Diego); the NDP kinase was contaminated with nucleotides, which were removed by dialysis. ATP was from Boehringer Mannheim; ADP from several sources, including Sigma, Calbiochem, and Boehringer Mannheim, contained small amounts of ATP, which were removed by HPLC. [y-32P]ATP and 32pO4 of specific activities of "3000 and "9000 Ci/mmol were from New England Nuclear; the [,y-32P]ATP contained small amounts of a contaminate that was removed by TLC using the system described later for separating ATP and GTP.
Proteins in the Ras superfamily, and other guanine nucleotidebinding proteins, cycle between an inactive GDP-bound state and an active GTP-bound state (1, 2) . Satoh et al. (3) (4) (5) devised a method to determine the percentage of Ras proteins in the GDP and GTP bound states by incubating cells with 32pO4 to radiolabel the intracellular GDP and GTP pools and, therefore, the GDP and GTP bound to Ras. Ras is immunoprecipitated from cell extracts and the bound GDP and GTP are eluted and separated by thin-layer chromatography (TLC). As generally applied, this 32P04-incorporation method measures only the relative amounts of each guanine nucleotide bound to Ras (3-9); moreover, it requires that cells be incubated for several hours in phosphate-free medium, which we found markedly decreases the intracellular ATP concentration potentially disturbing multiple biochemical processes (10 Immunoprecipitation of Ras Proteins and Elution of GTP and GDP from Ras. Harvested cells were resuspended at a density of 50 x 106 per ml in 50 mM Hepes, pH 7.4/10 mM MgCl2/150 mM NaCl/1% Nonidet P-40/0.5 mM phenylmethylsulfonyl fluoride/10 ,ug/ml of aproprotinin, leupeptin, and pepstatin (extract buffer) (3, 7) . After gentle shaking for 10 min at 4°C the lysed cells were centrifuged at 11,000 x g for 10 min and supernatants were applied to 0.6 x 7.5 cm Sephadex G-25 columns equilibrated in extract buffer. Protein-containing fractions were pooled and NaCl, SDS, and deoxycholate were added to final concentrations of 500 mM, 0.05%, and 0.5%, respectively. The samples were divided in half and either 3 ,ug of the anti-Ras antibody Y13-259 (experimental sample) or 3 ,ug of rat IgG (blank sample) was added; to both samples, 30 ,g of goat anti-rat IgG and 15 ,ul of protein G-agarose were added. The tubes were rotated gently for 16 hr Proc. Natl Acad Sci USA 92 (1995) at 4°C and centrifuged at 11,000 x g for 20 sec. Protein was measured in the supernatants by the Bradford method (12) and the pellets containing the immunoprecipitate were washed eight times with 50 mM Tris HCl, pH 7.4/10 mM MgCl2/500 mM NaCl/0.1% Triton X-100/0.005% SDS and three times with 20 mM Tris phosphate (pH 7.8). After the last wash the immunoprecipitates were resuspended in 30 ,ul of 5 mM Tris phosphate, pH 7.4/2 mM dithiothreitol (DTT)/2 mM EDTA and heated at 100°C for 3 min; the samples were cooled on ice and centrifuged at 11,000 x g for 5 min. GDP and GTP were measured in the supernatants as described below.
We found in preliminary experiments that the primary antibody (Y13-259) had to be incubated overnight with the cell extracts to quantitatively immunoprecipitate Ras (13) ; at 4°C the rate of dissociation of GDP and GTP from Ras is extremely slow in the presence of Mg2+ and Y13-259 and high salt concentrations inhibit GTPase activating protein (GAP) activity (9, 14, 15) . We showed in other experiments in which Ras was immunoprecipitated from cells that had been incubated with 32pO4 that GDP and GTP were quantitatively eluted from Ras in the Tris phosphate/DTT/EDTA solution; in addition, we showed by HPLC that <5% of GDP and GTP were destroyed when heated at 100°C for 3 min [similar conditions have been used by other workers to elute GDP and GTP from Ras and other guanine nucleotide-binding proteins (16, 17) ]. (Fig. 1A) ; the Rf of GTP was 0.80 and of ATP was 0.45. The GTP and ATP spots were cut out and radioactivity was quantitated by liquid scintillation counting. The ratio of radioactivity in GTP over that in ATP plus GTP was used to calculate a conversion factor to correct for possible errors incurred during spotting the TLC plates. Measurement of GTP. GTP was converted to ATP in the presence of ADP and NDP kinase; ATP was measured using luciferase and luciferin (18) 15 ,ug of bovine serum albumin, and either 10 plI of sample or 0.5-20 fmol of GTP standard. In replicate tubes the NDP kinase was omitted to check for ATP contamination. The reaction was started by adding the sample, and light emission was measured over a 10-min interval using a photon-counting luminometer.
Calculation of amounts of Ras-bound GDP and GTP. To determine the amount of GDP in a sample, the conversion factor of the blank sample was subtracted from the conversion factor of the experimental sample. To determine the amount of GTP in a sample, light emission in the absence of NDP kinase was subtracted from light emission in the presence of NDP kinase for the blank and experimental samples; the blank sample value was then subtracted from the experimental sample value. Blank samples in the GDP and GTP measurements were <10% of the experimental samples. The amounts of GDP and GTP in the samples were determined from standard curves and the data are expressed as fmol of GDP or GTP per 106 cells or per mg of nonnuclear cellular protein.
Measurement of GDP and GTP by 32p04 Incorporation.
Cells were incubated for 6 hr in phosphate-free DMEM containing 10% dialyzed ECS and 75 j,Ci of 32pO4 per ml. Ras was immunoprecipitated as described above, and GDP and GTP eluted from Ras were applied to plastic-backed polyethyleneimine TLC plates prespotted with nonradioactive GDP and GTP; the plates were developed for 4 hr in 1. (19) . GDP and GTP were visualized under ultraviolet light, the area corresponding to each nucleotide was cut out, and radioactivity was quantitated by liquid scintillation counting.
Measurement of Cytosolic Purine Nucleotides by HPLC. Cells were extracted in perchloric acid and the extracts were neutralized with KHCO3 as described (20) . The neutralized extracts were applied to a strong anion-exchange HPLC column eluted with a gradient from 10 mM NH4H2PO4 (pH 4.0) to 480 mM NH4H2PO4 (pH 3.8) (20) . The column eluate was monitored by ultraviolet absorption at 254 nm and by an on-line radioactive detector; this method allows direct determination of the specific activity of radiolabeled nucleotides (21) . The elution times of ATP, GTP, and GDP were determined from standards. 
RESULTS AND DISCUSSION

Measurement of Absolute Amount of Ras-Bound GTP in
Parental and Ras-Overproducing NIH 3T3 Cells. GTP was measured in a coupled reaction by enzymatic conversion to ATP, which generated light using luciferase as described in Methods. When known amounts of GTP were measured the assay was linear over a range of 0.5-5 fmol (Fig. 2, 0) ; at higher GTP concentrations light emission no longer increased linearly (Fig. 2) , presumably because of product (oxyluciferin) inhibition of luciferase (18) .
When this method was applied to measuring GTP eluted from Ras immunoprecipitated from parental NIH 3T3 cells, the amount of GTP measured increased linearly between 20 and 40 x 106 cells (Fig. 2, A) . LTR-cHa-ras(N) and LTR-CHa-ras(A) cells are stable transfectants of NIH 3T3 cells overexpressing wild-type and activated Ha-ras, respectively, under control of the murine mammary tumor virus promoter (11); they were treated with 1 ,uM dexamethasone for 24 hr prior to harvesting. Ras was immunoprecipitated using the monoclonal antibody Y13-259, and GDP and GTP eluted from Ras were measured by enzyme-based methods using NDP kinase and NDP kinase plus luciferase, respectively. Data are expressed as fmol of guanine nucleotide per mg of cellular protein and are the mean ± SD of at least three independent experiments performed in duplicate.
0.3 and 21.3 ± 2.8 fmol of Ras-bound GTP, respectively, yielding ratios of Ras-bound GTP over GDP plus GTP of 0.25-0.30 (Table 1) . Using the 32PO4-incorporation method other workers have found that GTP accounts for 0.5-5% of Ras-bound nucleotide in parental and Ha-Ras overproducing NIH 3T3 cells (4, 5, 7) ; there are at least two ways the 32PO4-incorporation method can yield a higher value for Ras-bound GTP than the NDP kinase-luciferase method. (i) To obtain enough radioactivity in Ras-bound GDP and GTP, the 32PO4-incorporation method requires incubating cells for 6-18 hr in phosphate-free medium to which 32pO4 of high specific activity is added (3, 5) . We found that phosphate starvation of parental NIH 3T3 cells increased the amount of Ras-bound GTP about 4-fold to 1% of total Ras-bound nucleotide. The reason for this relative increase in Ras-bound GTP is unclear but may be because the intracellular ATP concentration decreased "70% after 6 hr of phosphate starvation (15.1 ± 1.2 and 4.4 ± 0.5 nmol of ATP per mg of protein for cells in complete and phosphate-free medium, respectively; mean ± SD of three experiments); such a dramatic decrease in the intracellular ATP content could have a profound effect on numerous metabolic processes (10) . (ii) The TLC system used to measure Ras-bound GDP and GTP in the 32pO4-incorporation method could falsely elevate GTP measurements because GDP migrates faster than GTP and small amounts of GDP contaminating the GTP spot will increase the apparent amount of GTP. GTP (fmol) 15 20 FIG NIH 3T3 cells that overexpressed activated Ha-ras contained 2049 ± 332 fmol of Ras-bound GTP per mg of protein yielding a ratio of Ras-bound GTP over GDP plus GTP of 29 (Table 1) . Interestingly, the sum of Ras-bound GDP and GTP was very similar in these cells compared to cells overexpressing wild-type Ras ( Table 1) .
Measurement of Ras-Bound GDP and GTP in Parental NIH 3T3 Cells by 32P04 Incorporation. The 32PO4-incorporation method of measuring Ras-bound GDP and GTP can be used to calculate absolute amounts of each nucleotide bound to Ras if one measures the specific activities of cytosolic GDP and GTP and assumes they are in equilibrium with Ras-bound GDP and GTP. We found that after incubating parental NIH 3T3 cells for 6 hr with 32P04 the specific activity of cytosolic GTP approached the expected value of 1.5 times the specific activity of cytosolic GDP (Table 2) . Ras-bound GDP in parental NIH 3T3 cells, calculated from the specific activity of cytosolic GDP and the radioactivity in Ras-bound GDP, was -627 fmol/mg of protein (Table 2) , which was very similar to the amount measured using NDP kinase (compare Tables 1 and 2 ). This suggests that cytosolic GDP is in equilibrium with Ras-bound GDP and serves to substantiate measuring Ras-bound GDP by either method. However, the amount of Ras-bound GTP in parental NIH 3T3 cells calculated by this method was -8 fmol/mg of protein (Table 2) , which was severalfold higher than we measured using NDP kinase and luciferase (compare Tables 1 and 2 ). As discussed above, the 32PO4-incorporation method could lead to a higher value for Ras-bound GTP than the NDP kinase/ luciferase method. Moreover, Ras-bound GTP may not be in equilibrium with the total cytosolic GTP pool-i.e., there may be compartmentalization of GTP pools, which has been suggested by other workers (24) .
CONCLUSION
We have devised methods to measure absolute amounts of Ras-bound GDP and GTP that can be applied to cells expressing normal or high amounts of Ras. The GDP method relies on the high specific activity of commercially available [_y-32P]ATP and the GTP method relies on the exquisite sensitivity of luciferase for measuring ATP (18) . Assuming that the vast majority of intracellular Ras molecules have either GDP or GTP bound (6, 16) , these methods can be used to determine the number of Ras molecules per cell. We calculate there are -20,000 Ras molecules per parental NIH 3T3 cell, which is in agreement with the figure of 10,000-50,000 obtained by quantitative immunoblotting (ref. 25 ; J. R. Feramisco, personal communication). Using the same calculation, cells overexpressing either wild-type or activated Ha-Ras contained -275,000 Ras molecules per cell. The methods presented in this work should allow studies of the amount and activation state of Ras in biopsies of human tumors and could provide further insight into the role of Ras in the generation of the malignant phenotype; moreover, these methods should be equally applicable to measuring GDP and GTP bound to other G proteins where a specific antibody is available.
